Glycosyltransferases constitute a large family of enzymes that catalyze the transfer of sugar moieties from donor molecules to specific acceptor molecules. Unlike other enzyme families that usually share conserved features in their primary sequences, glycosyltransferases can have highly diversified sequences that have been grouped into more than 90 families (designated GTn, where n ϭ 1, 2, …) (http://www.CAZy.org) (1, 15) . However, two families, GT2 and GT4, account for about half of the total number of glycosyltransferases. Despite the large variation in the primary sequences of glycosyltransferases, their three-dimensional structures are usually conserved. There are two major glycosyltransferase structural types, named GT-A and GT-B. The GT-A members contain a single nucleotide-binding domain consisting of six parallel ␤-strands flanked by connecting ␣-helices (referred to as a "Rossmann fold" in most of the literature on these enzymes and herein). GT-A enzyme activities are usually metal ion dependent. The GT-B type glycosyltransferases have two Rossmann folds separated by a cleft that forms the substrate-binding site. Metal ions are normally not required for GT-B function. Based on their catalytic mechanism, glycosyltransferases are also classified as either retaining or inverting enzymes depending on the geometry between the sugar donor and the receptor in the product molecule (e.g., depending on whether the anomeric carbon atom is linked to the acceptor via its ␣ or ␤ position). If the anomeric carbon atom has the same configuration in the donor and in the product, the enzyme is classified as a retaining enzyme; if the configurations are different, the enzyme is considered to be an inverting enzyme (2) .
Many viruses, especially those that infect eukaryotic cells, have extensively glycosylated structural proteins. Glycans coating viral structural proteins serve multiple biological roles, e.g., they mimic host glycans to evade host cell immune reactions, aid in folding or assembly of viral structural proteins, function as a receptor recognized by cell surface proteins, or aid in stabilizing viral particles (see, e.g., reference 36).
Typically, viruses use host-encoded glycosyltransferases and glycosidases located in the endoplasmic reticulum (ER) and Golgi apparatus to add and remove N-linked sugar residues from virus glycoproteins either during or shortly after translation of the protein. This posttranslational processing aids in protein folding and requires other host-encoded enzymes. After folding and assembly, virus glycoproteins are transported by host-sorting and membrane transport functions to virus-specified regions in host membranes, where they displace host glycoproteins. Progeny viruses then bud through these virusspecific target membranes, in what is usually the final step in the assembly of infectious virions (3, 14, 21, 36) . Thus, nascent viruses become infectious only by budding through the target membrane, usually the plasma membrane, as they are released from the cell. Consequently, the glycan portion of virus glycoproteins is host specific. The theme that emerges is that virus glycoproteins are synthesized and glycosylated by the same mechanisms as host glycoproteins. Therefore, the only way to alter glycosylation of virus proteins is to either grow the virus in a different host or have a mutation in the virus protein that alters the protein glycosylation site.
One explanation for this scenario is that, in general, viruses lack genes encoding glycosyltransferases. However, a few virus-encoded glycosyltransferases have been reported in recent years (see reference 17 for a review). Often these virus-encoded glycosyltransferases add sugars to compounds other than proteins. For instance, some phage-encoded glycosyltransferases modify virus DNA to protect it from host restriction endonucleases (see, e.g., reference 10), and a glycosyltransferase encoded by baculoviruses modifies a host insect ecdysteroid hormone, leading to its inactivation (22) . Bovine herpesvirus 4 encodes a ␤-1,6-N-acetyl-glucosaminyltransferase that is localized in the Golgi apparatus and is probably involved in posttranslational modification of the virus structural proteins (32) .
One group of viruses differs from the scenario that viruses use the host machinery located in the ER and the Golgi apparatus to glycosylate their glycoproteins. These viruses are the large, plaque-forming, double-stranded DNA (dsDNA)-containing chloroviruses (family Phycodnaviridae) that infect eukaryotic algae (4, 34, 39, 40) . The chloroviruses have up to 400 protein-encoding genes (or coding sequences [CDSs] ). Annotation of six chlorovirus genomes showed that each virus encodes 3 to 6 putative glycosyltransferases (7-9, 16, 33) . Three of these viruses, NY-2A, AR158, and the prototype chlorovirus Paramecium bursaria chlorella virus 1 (PBCV-1), infect Chlorella strain NC64A. Two of the viruses, MT325 and FR483, infect Chlorella Pbi, and one of them, Acanthocystis turfacea chlorella virus (ATCV-1), infects Chlorella SAG 3.83.
Glycosylation of the PBCV-1 major capsid protein, Vp54, is at least partially performed by the viral glycosyltransferases (11, 20, 33, 38, 41) . PBCV-1 encodes 5 putative glycosyltransferases. A previous structural study established that the Nterminal 211 amino acids of the A64R protein from PBCV-1 form a GT-A group glycosyltransferase that is a retaining enzyme belonging to the GT34 family and that UDP-glucose possibly serves as the donor sugar (41) .
Among the four additional PBCV-1 glycosyltransferase-encoding genes, gene a546l encodes a 396-amino-acid protein that resembles members in the GT4 family of glycosyltransferases, based on amino acid sequence comparison of members in the CAZy classification (1, 15) . Homologs of this protein, A546L, are encoded by 3 other chloroviruses, NY-2A, AR158, and ATCV-1. Here, we report the crystal structure of one of these homologs, B736L, at 2.3-Å resolution.
MATERIALS AND METHODS
Phylogenetic analyses. Phylogenetic analyses began with a BLASTP search using the amino acid sequence of NY-2A B736L (RefSeq accession no. YP_001497932) against the NCBI nonredundant protein sequence database with default settings, as well as against the specific animal (NCBI taxonomy identification no.
[taxid] 33208) and plant (taxid 3193) databases. A Bayesian inference tree of 27 characterized and hypothetical glycosyltransferase amino acid sequences was generated based on sequence alignment using MUSCLE and MrBayes programs within the Geneious Pro 4.8.5 software program (http://www .geneious.com). The phylogenetic tree was produced by utilization of a Poisson fixed amino acid rate matrix with the gamma rate variation and an evaluation category of four. The Markov chain Monte Carlo (MCMC) algorithm approach was used with a chain length setting of 1,100,000; the number of chains was 4, the temperature of heated chains was 0.2, and the subsampling frequency was 200, with a burn in length of 100,000 and a random seed number of 24,870. A zebrafish (Danio rerio) glycosyltransferase sequence (RefSeq accession no. XP_693602) served as the out-group. Protein production and crystallization. The B736L gene was amplified by PCR from virus NY-2A genomic DNA. Purified PCR products were treated with restriction endonucleases AseI and XhoI and cloned into pET30b (Novagen) by using the NdeI-XhoI sites that introduce a C-terminal His 6 tag into the recombinant protein. Recombinant B736L was expressed in Escherichia coli strain BL21(DE3) CodonPlus-RIL cells at 20°C and was affinity purified to homogeneity by using cobalt-charged BD TALON resins. The eluted protein from the cobalt beads was concentrated and further purified on a Superdex 200 column (GE Healthcare). Based on the elution volume and appropriate calibration of the Superdex 200 column (see Fig. S1 in the supplemental material), the molecular mass was estimated to be about 84 kDa, approximately twice the calculated molecular mass of B736L (45.5 kDa). The selenomethionine derivative of B736L was produced and purified using procedures similar to those for the native protein. B736L crystals were obtained in 100 mM Tris-HCl (pH 7.0)-20% (wt/ vol) polyethylene glycol 3350. B736L crystals in a complex with GDP-mannose were obtained by soaking apo-B736L crystals in the same well solution supplied with 10 mM GDP-mannose for 5 h. The selenomethionine derivative of B736L FIG. 1. Bayesian inference tree of 27 glycosyltransferase protein sequences (designations of the four chlorella virus-encoded enzymes are in bold). The phylogenetic tree was generated using the MUSCLE alignment program with a maximum number of iterations of 8 and the MrBayes tree-building program within the Geneious Pro 4.8.5 software program. The Poisson amino acid rate matrix (gamma rate variation and an evaluation category of four) and the MCMC algorithm (chain length setting of 1,100,000; the number of chains was 4, the temperature of heated chains was 0.2, and the subsampling frequency was 200, with a burn in length of 100,000 and a random seed number of 24,870) were utilized with the Danio rerio sequence as the out-group (bootstrap values are shown).
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VIRUS-ENCODED PUTATIVE GLYCOSYLTRANSFERASE 12267 was crystallized by using conditions similar to those used for the native form but with 10 mM dithiothreitol (DTT). ITC. Isothermal titration calorimetry (ITC) was performed using a VP-ITC system (MicroCal Inc.). The enzyme and the different ligands were diluted into the same batch of buffer containing 50 mM Tris-HCl, pH 8.0, and 100 mM NaCl and were degassed under a vacuum. Titrations were performed by injecting 23 consecutive aliquots (5 l each for the first 6 injections, 10 l each for the following 13 injections, and 20 l each for the last 4 injections) of CMP, UDP, ADP, GDP, GDP-mannose, GDP-fucose, or GDP-glucose solutions into the ITC cell (volume, 1.4 ml) containing B736L at 25°C. The substrate concentration was about 0.6 mM, whereas the protein concentration was about 1.2 mg/ml (ϳ25 ⌴). ITC data were corrected for heats of dilution of the substrate and product solutions. Binding stoichiometries, enthalpy values, and equilibrium dissociation constants were determined by fitting corrected data to a biomolecular interaction model using Origin7 software (MicroCal Inc.).
X-ray data collection, processing, structure determination, refinement, and analysis. X-ray diffraction data were collected using synchrotron radiation on General Medicine and Cancer Institutes Collaborative Access Team (GM/CA-CAT) beamline 23ID at the Advanced Photon Source ( Table 1) . Crystals of B736L diffracted to 2.3-Å resolution, belonged to space group C222 1 with two molecules in the asymmetric unit, and had the following cell parameters: a, 153.6 Å; b, 246.9 Å; and c, 67.2 Å. A single-wavelength anomalous diffraction (SAD) data set ( ϭ 0.9794 Å) was collected to 3.0-Å resolution from a single crystal of selenomethionine-labeled protein. All data were processed with the HKL2000 suite ( Table 1 ) (23).
The program SOLVE (31) was used for locating the Se atoms. The structure was then resolved using SAD phasing from the anomalous signals of the Se atoms with the program SOLVE (31). Density modification was performed with the program RESOLVE (30) .
Model building and adjustments were carried out with the program Coot (5). The program REFMAC was used to refine all the structures (Table 1) (19) . The resultant refined model consists of residues 1 to 392 and gave R working and R free factors of 23.5 and 26.8%, respectively. The 13 C-terminal residues and the C-terminal His 6 tag were not visible in the electron density maps. The programs Chimera (25) and Ligplot (37) were used for producing figures.
Protein structure accession numbers. The atomic coordinates have been deposited in the Protein Data Bank under accession codes 3OY7 and 3OY2.
RESULTS AND DISCUSSION
Sequence analysis. As mentioned in the introduction, the six sequenced chloroviruses contain 3 to 6 putative glycosyltransferase-encoding genes (7-9, 16, 33) . Typically, glycosyltransferases account for about 1 to 2% of the gene products of an organism, whether archaeal, bacterial, or eukaryotic (15) . Interestingly, this proportion holds true for the chloroviruses. Single glycosyltransferases from viruses PBCV-1 (A546L), NY-2A (B736L), and AR158 (C661L), all of which infect the same host, are homologs. They are predicted to have a GT-B fold and belong to the GT4 family. B736L and C661L have 98% amino acid identity to each other and 81% amino acid identity to A546L. Virus ATCV-1, which infects Chlorella SAG.3.83, also encodes a protein (Z667L) that is predicted to be a homolog of B736L. Z667L has 26% amino acid identity to B736L.
Molecular phylogenetic analyses of A546L, B736L, and C661L indicate that these homologous glycosyltransferases from the above-mentioned three viruses, all of which infect Chlorella NC64A, are in the same clade (Fig. 1) . The ATCV-1 glycosyltransferase, Z667L, is in a related clade that also includes proteins from two other algal viruses (Ostreococcus tauri viruses 1 and OsV5), two bacteriophages, and a rare bacterium, Verrucomicrobium spinosum. These results are interesting for two reasons: first, the two sequenced chloroviruses, MT325 and FR483, that infect Chlorella Pbi lack a homolog of B736L (7), and second, B736L does not resemble the other chlorovirus-encoded glycosyltransferases. These findings suggest that the chloroviruses independently acquired the genes for the glycosyltransferases.
The 405-amino-acid B736L protein from virus NY-2A was chosen as a representative of this group of glycosyltransferases and subjected to structural analysis.
Structure of B736L. Two molecules related by a noncrystallographic 2-fold axis were in the asymmetrical unit. The B736L structure has two similar Rossmann folds (residues 1 to 163 and 164 to 355) separated by a deep cleft (Fig. 2) , displaying a typical GT-B type structure. In addition, residues 356 to 392 form a long ␣-helix that spans over both the N-terminal and the C-terminal domains. A long antiparallel ␤ hairpin insertion (residues 322 to 341) occurs between the end of the 6th ␤-strand of the C-terminal domain and the following ␣-helix. Structural homology searches using Dali show that the B736L structure resembles (with Z scores of ϳ30) many GT-B type glycosyltransferases belonging to different glycosyltransferase families. The closest structural neighbor is a glycosyltransferase named MshA from Corynebacterium glutamicum (Protein Data Bank [PDB] no. 3c4v), with a Dali Z score of 31.5, a ions were included in the crystallization process. Structural comparisons of B736L with other GT-B type glycosyltransferases show that the main structural differences are in the several loops near the substrate-binding cleft (Fig. 3) . The biological functional unit. Size exclusion chromatography purification of B736L suggested that B736L exists as a dimer in solution (see Materials and Methods), which suggests that the crystallographic B736L dimer is probably the biological functional unit (Fig. 4) . The B736L dimer is formed mainly through the C-terminal domain and especially by the ␤ hairpin (residues 322 to 341). Interactions between the two molecules of the dimer include hydrogen bond formation, hydrophobic interactions, and salt bridge formation. The buried surface area between the two molecules is determined to be 2,577 Å 2 when a probe radius of 1.4 Å is used. In the dimer structure, the N-terminal domains of B736L protrude from the dimeric interface formed mainly by the C-terminal domains. One of the N-terminal domains has close contacts with neighboring symmetry-related molecules, while the other N-terminal domain has only loose contacts with neighboring molecules. The electron densities of the N-terminal domain that has loose contacts with neighboring molecules indicate that it is highly flexible. VIRUS-ENCODED PUTATIVE GLYCOSYLTRANSFERASEThis is also reflected by main-chain temperature factor comparisons of the N-terminal domain with its C-terminal domain in the more flexible monomer (average B factors, ϳ107 and ϳ50 Å 2 for the N-and C-terminal domains, respectively) (Table 1).
Translation/libration/screw refinement and analysis show movements of the flexible N-terminal domain relative to the rest of the dimer molecule that open and close the substratebinding site in the cleft of the more flexible molecule. The less flexible monomer is held more tightly to other monomers in the crystal lattice than the more flexible monomer ( Table 1) . The N-terminal domain motion may be required for substrate binding or release. Similar domain motions have been discussed in analyses of other glycosyltransferase structures (18) .
There are many reports of homodimeric glycosyltransferases (6, 13, 24, 29) . The dimeric structures have increased thermostability (27) . Some of these dimeric molecules, for instance, ␣1,3-fucosyltransferase from Helicobacter pylori, have been suggested to be biological functional units that target oligomeric substrates (6, 29) . Among glycosyltransferases, including B736L, that form dimers and also have had their structure determined, the two active sites are often on the same side of the molecule. The approximate separation of the active centers is nevertheless quite large, being about 35Å for B736L. Notwithstanding this similarity, there is little similarity of residue types on the surface of contact between monomers that form the dimers. Thus, it is probable that the crystallographic dimer described herein has no functional significance except to increase the thermal stability of the molecule.
The donor substrate. ITC is an efficient physical technique used to study binding of small molecules to large macromole- cules by directly measuring the binding affinity, enthalpy changes, and binding stoichiometry of the interaction between the molecules in solution. UDP, GDP, CMP, and ADP are the most common nucleotides used by monosaccharide donors of glycosyltransferases. Usually, a glycosyltransferase recognizes a specific monosaccharide donor substrate that is derived from one of the four nucleotides. Although previous studies show that glycosyltransferases have only weak interactions with the nucleotides themselves, it is still possible to differentiate among the four possibilities (28) . Thus, the ITC technique was used to screen the four nucleotides for their abilities to bind to B736L. Binding of GDP to B736L was significantly better than that of the other nucleotides (see Fig. S2 in the supplemental material), suggesting that GDP is the monosaccharide carrier used by B736L. Further ITC experiments with GDP-mannose, GDP-fucose, and GDP-glucose, the most common GDP sugars, indicated that GDP-mannose binds to the enzyme significantly better than the other two GDP sugars (Fig. 5) . The disassociation constant of GDP-mannose for the enzyme is about 10 M (change in enthalpy [⌬H] ϭ Ϫ11.3 kcal ⅐ mol Ϫ1 ) (Fig. 5) , which resembles that of monosaccharide donors for other glycosyltransferases (28) . These results suggest that GDP-mannose is the specific monosaccharide donor for B736L.
Substrate binding. Based on the ITC results, B736L crystals in a complex with GDP-mannose were prepared by soaking the nucleotide-free enzyme crystals with GDP-mannose. The difference map (Fig. 6A) for a GDP-mannose-soaked crystal and a crystal of the native enzyme showed strong positive density in the pocket in the cleft of each monomer associated primarily with the C-terminal domain. This increased density is about the right volume for accommodating one GDP-mannose molecule. Model building and refinement for the bound GDPmannose molecules (Fig. 6) show that they are coordinated by the side chains of residues Tyr88, Asp115, Arg196, Lys197, Asp264, Glu284, Cys289, and Glu292 through hydrogen bonds. The structure of the refined complex shows that the overall fold of the protein is not significantly perturbed by GDPmannose binding, as indicated by an RMSD between equivalent C␣ atoms of the apoenzyme and the substrate-bound enzyme of only 0.56 Å. However, there are local conformational changes for the side chains of a few residues, such as Leu262 and Leu288.
Structural comparisons of B736L with other GDP-mannosebinding glycosyltransferases, such as the phosphatidylinositol mannosyltransferase PimA (PDB no. 2gej) (12) , indicate that Glu284 is conserved among the residues that form hydrogen bonds with the mannose sugar ring of the donor. The two PimA residues that correspond to residues Glu284 and Asp115 of B736L have been proposed to be critical for catalysis (12) . Although the acceptor for B736L is unknown, the rough position of the acceptor-binding site was established by homology modeling. A structural superposition of B736L with the structure of the glycosyltransferase MshA in a complex with its acceptor shows that residue Asp115 of B736L may have direct contacts with both the donor and the acceptor substrates (Fig.  6B ). Thus, Asp115 should be a critical residue for catalyzing the transferring reaction.
Implications for viral glycosylation. The structure of B736L provides additional support for the concept that the chlorella viruses encode most, if not all, of the machinery to glycosylate their major capsid proteins. The structure studies indicate that B736L binds GDP-mannose and possibly utilizes it as the donor substrate. However, definitive proof will require more complete biochemical analyses. The finding that GDP-mannose is the donor substrate is reasonable because mannose is one of the carbohydrate components of the PBCV-1 major capsid protein (38) . However, sugar analysis of the NY-2A major capsid protein indicates that glucose, galactose, rhamnose, fucose, and xylose are the primary sugars (M. P. Chothi et al., unpublished results), i.e., no mannose was detected. There are at least three explanations for this apparent contradiction: (i) some sugar other than GDP-mannose might be the donor for B736L, (ii) B736L might not be a functional enzyme for the NY-2A virus, and/or (iii) the acceptor substrate might be not the virus major capsid protein but some other virusencoded protein(s) that contains mannose. In addition to the major capsid protein, two proteins associated with PBCV-1 virions are glycosylated (26) , and the same situation probably occurs in virus NY-2A. If B736L uses some sugar other than GDP-mannose as a donor substrate, a likely candidate might be GDP-rhamnose because mannose and rhamnose have the same oxydryl configuration.
Glycosylation of the major capsid protein in the chloroviruses probably occurs in the cytoplasm, not in the ER or Golgi apparatus of the host cell (32) . Consistent with this hypothesis, B736L, like the other chlorovirus-encoded glycosyltransferases, lacks an N-terminal signal sequence that would target it to the ER. Thus, the chloroviruses apparently use their own glycosyltransferases, such as B736L and the previously described A64R protein from PBCV-1 (11, 41) , to glycosylate their major capsid proteins. However, the major capsid protein from NY-2A contains 5 sugars but the virus encodes only 3 predicted glycosyltransferases. Likewise, the major capsid protein from PBCV-1 contains 7 sugars and the virus is predicted to encode 5 glycosyltransferases (32) . Thus, at least two of the chlorovirus major capsid proteins have more sugars in their glycans than there are virus-encoded glycosyltransferases. The extra sugars may be added by host glycosyltransferases.
